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ABSTRACT 

A series of optically tcansparent Si&: polydimethyldoxane (PDMS) Polyceram monoliths have been synthesized by 
step acid/base sol-gel proasses. Two difkent procesSing routes are discussed and c o e  one syntwic route (Rouk 1) 
utilizes lower water content, shorter reflux times, and faster drying conditions compared to the otha synwc route (Route 
2). The Route 1 Polycerams were a l l  essentialEy non-porous at all PDMS contents examined (20-80 volume % PDMS). In 
contrast, the porosity of the Rouk 2 Polycerams varied dramatically as a function of PDMS content. The surface area and 
pore volume for a W! PDMS Route 2 Polyceram were 573 m2/gm and 0.59 m3@4 nqx&dy- - ,thesurfaceareaandpore 
volume decreased with increasing PDMS content. The amount of porosity within the Polycemms is proposed to be 
controlled by the relative rates of condensation and evaporation during proaxsing and by the amount of PDMS trapped in 
the pores. This ideas supported by the differences in the drying behavior with processing and by the structural information 
obtained by magic angle spinning solid-state =Si NMR of the Poly- monolith. Quantitative evaluation of the =Si 
Nh4R and porosity data are utilized to formulate stnrctural models of these Polycemm. The sbuctural models are then 
specifically used to descrii the effect of porosity on the photostabilization of a laser dye doped within these Polyccmm 
monoliths. 

KEYWORDS: Porosity, Polydimethyldoxane, Polycerams, Surface Area, MAS -Si NMR, N2 adsorption BET, 
Pyrromethene 567, photostability 

1. INTRODUCTION 

Engineered porous matem& are useful for a variety of important technologies including filters, absorbers, 
separation systems for gases, ions, small molecules and particles, low dielectric substrates, and thermal insulators'. Porous 
materials synthesized by sol-gel techniques represent an important class of engineered porous materials because of the 
ability to obtain a wide range of pore sizes and SUrEdoe areas depending on the pmccssing and composition. Sol-gel 
synthesized aerogels, xerogels, and porous vitriiied silica have been extensively investigated fir their por0sitieG-5, while 
Polyceram materials, which are polymer-moditied ceramic materials in which the organic and inorganic components are 
combined on a near-molecular d e ,  have only been recently studied6*. 

I 
A number of methods have been applied to control the porosity, surface area, and pore size distributions within sol- 1 

gel matrices. In a review by Brinker et. aL3, these different techniques are discussed ; a s u ~ ~ ~ m a r y  ofthese methods is 1 
illustrated in Table 1. One way to control the porosity is to manipulate the relative rates of condensation and solvent 
maporation during sol-gel synthesis. When the condensation rate greatly exceeds the evaporation rate during drying, the 
material will tend to have a higher porosity. The high condensation rate increases the gel strength and limits the amount of 
shrinkage which takes place during drying. In contrast, when the evaporation rate exceeds the condensation rate, the 
material is more likely to shrink, resulting in a less porous material. A sol which is spin-coated to form a lilm is an example 
of the case where the evaporation rate is high with respect to the condensation rate. The condensation rate can be controlled 
by a number of factors such as the reactivity of the &oxide, the pH of the solution, the catalyst, the nature and the amount 
of solvent present, and the H20:Si mole ratio. The evaporation rate can be controlled during drying by the solvent volatility, 
the drying temperature, the air flow, and the surface area of gel exposed to drying. 

The effectiveness of Varying the relative rates of condensation and evaporation for porosity control has been 
demonstrated with xerogels3; but to the authors' knowledge, this method has not been demonstrated with Polyceram 
materials. Non-porous materials have not been synthesized using this method with xerogels; only materials with decreased 
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porosity have been achieved. With the incorporation of polymers or oligomers during synthesis, non-porom materials can 
be obtained. In the present study, we explore how porosity can be controlled within Polycerams by changes in the relative 
rates of condensation and evaporation during processhg. The porosity and surface area are related to the pmcessing 
conditions and polymer content, and structural models are developed based on NMR and BET data Finally, the control uf 
porosity andthe stmcmalmodel areutilizedto obtain insight into the effects of porosity on the photostability of alaserdye 
doped within these SiOsPDMS Polycerams. 

Tnble 1: Metbods explored to control poroSity in sol- matkcs. 

Method hindple of Method 
Particle Packing opacki~& of colloidal particles creates pores 

which have sizes related to particle size 

.pores form through the aggregation of 

0va1y capillary pressure (Pc) to achieve 
desired pore size during solvent removal 
ope= -2y/r, w k r e  y is the surface tension 
and r is the pore radius 

Aggregation of 

Management of 
Capillary Pressure 

F~ct . l r  polymeric sols 

Molecular 
Templating 

Relative rates of 
condensation and 

evaporation 

Sitering and 
Surface 

Derivitiution 

opore size control by the size of solvent or 
organic ligand to be removed 
oporous when condendon rate >> 
evapomtion rate 
*less porous or non-porous when 
evaporation rate >> condensation rate 
osintering to highex temperatures reduces 
pore volume and pore size distribution 
.sintering occufs by the reduction of the 
solid vapor inhfkial energy, which can be 
controlled by altering the surface of the gel 

Comments 
0unif0mlparesizeoMainedwithlmifannpaTticlesize 
*pore volume for spherical particles is always 33% regardless 
of particle size, Bssumtng - denserandompacking 
oworks only ifclustas don't inhpeaehk or if- arc no 
oligomeric species to m-in- pores 
OM&& 

ovary ambient pressure 
Ovaryslafitcecbemistry ogotosupescritical 
(changes mfke tension) conditions 
*use dxying control 
additives ( D C C A S ) ~ ~  10 

*vary solvent compositim 

 example: pore size inaeases k m  methanol to ethanol to 
isopropan 01 solvent 
wan control relative rates of condensation and evapomtion 
through composition, pmkshg, aging, and dxying umditiom 

2. EXPERIMEWI"T 

Material Synthesis. A low molecular weight (M.W=400-700) silanol-terminated polydimethyllsiloxane (PDMS) 
(United Chemical Technologies) was the reactive polymer used to make the Polycerams. The silanol end groups of the 
PDMS can participate in condensation reactions with a hydrolyzed metal alkoxide or another silanol-terminated PDMS. 
This can result in Metal-PDMS, or PDMS-PDMS linkages, respectively. Two synthetic routes were used, Route 1 and 
Route 2. AU the resulting samples were optically transparent and polishable. 

Route 1. Tetraethoxysilane WOS), PDMS, ethanol (EKX-IJ, and Hfl (acidified to 0.15 M with HzSO.4) were renuxed in 
a flask for 1 hour at a E G m f l : W S  molar ratio of35:2:1. PDMS was added atvariauS concenbab '011s rangingftom OO! to 80% 
by volume with e to the final solid volume. A base (triethylamine or 1 , 4 - d i a z o b ~ 0 [ 2 . 2 . 2 1 ~  -1) was added at 
bclse:acid mole ratio of 21 and the solution was mixed for 15 minutes. pvrmmethene 567 (PM-567) laser dye (synthesis reported 
e l s e w h e r e l l a  12) was then added at a co- 'on of 5*10-' M and the solution was concentrated. Monoliths were male by 
Pouring the solution inpolyprowlenebeakers and drying at 75 Cfor 3 clays. After polishing, the resulting Polyceram disks were 2 
~indiameterand0.4~mthi~k. This qntheticrouteis shownschematicallyinFigure la. 

Route 2. m S ,  EtOH, and H D  (acidified to 0.15 M with H2S04) were renuxed in a flask for 1 hour at a 
mmz0:TEOS molar ratio af35:3:1. Abase (triethylamine or Dabs$ was added atbase:acid mole ratio of23 and the soltion 
was mixed for 15 minutes. PM-567 was added at 5*10-' M, the solution was renuxed for an additional houry and tben the PDMS 
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(a) (b) 

Figure 1: Schematic of Si02PDMS Polyceram synthesized by (a) Route 1 and (b) Route 2. 

surfaceAre;raadPo~Mersarements.The~area,porevohrme,andpore~weredetenolned - WYtheN2V 
K) adsorption BFT @nmauer, Emme$, Teller) isotherm me.th0dl3 Using a Micametria ASAP 2000 for the solid SiaPDMS 
Polycerams Typically, 0.5 gm ofthe sdid polyceram was degassed for 48 hours at 90 C in vacuum (lod Torr) betbe the 
adsorption All the porous samples showed ?Ivpe I Isotbermbehavior and fit well to the BET Isothm. The 
effectve cross sectional area of the N2 cross section (which is needed to calculate the sjecific surface area of the material) is 
Werent for silica based materials compared with other mate&= 14- Ismail14 measwed silica samples with NZ adsorption 
and Kr adsorption, and determined the effective cross sectional area of NZ for silica to be 0. I12 nm2, instead of the more 
standard effective cross section 0.162 nm2. The interaction of the quadrupole moment ofthe N2 molecule with the hydroxyl 
groups on the silica surface is believed to cam the decrease'in the effective cross section. The cross sectional area of N2 
determined by Ismail was used for all the porosity calculations reported here. 

NMR Spectroscopy. Magic Angle SpiMing (MAS) Cross Polarization (CP) =Si Ndear  Magwlic Resonanoe (NMR) 
was performed onthe solid Sia2DMS Polycaams using aBruker Instrumentr modelMSL-200. Forthe 8 spectra, 5 ms amtact 
timewasapplied, andfortheMAS, a spirmingmte of3.5 kHz was used. Somesamples weremeasured without CP inorder to 
obtainmore quantitativeevaluation ofthe ratio ofthe Q species tobe usedinthe smctudmodeL 

Density Meiummmnk The densities of the SiqPDMS P o l y m  mxe measuredby placing the samples in a density 
gradient column. The gradient column was made Using a 1:l mixtUre ofxylem 0 . 8 8 5  @cm? and carbon tetrachloride 
@=i.ss gm/cm3) within a 250 ml graduated cylinder 15. 
densitieswithinthe columq and the densities ofthe Polycerams were calculatedbased antbe height at which thehlycemms 
SddiIlthi3gG3di€3ltcolUIUIl. 

column was a i b y  placing polpeic pellm 

3. RESULTS AND DISCUSSION 

3.1 Control of Porosity as a Function of ProcesSing 
Using the BET method to evaluate the surface area and pore volume, the Si&:PDMS Polyceram monoliths with 

40 'YO PDMS synthesized using Route 1 had no measurable porosity or surface area, while the monoliths with 40% PDMS 
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synthesized by Route 2 had a high pore hcfion (0.38) and a high surface area (342 m2/gm). These results are explained in 
the discussion below. 

Routes 1 and 2 (Figure 1) had specific dif€erences in their pnx;essin& which lead to changes in the relative rates of 
hydrolysis and condensaiion. First, Route 2 utilized a higher water content (H20:TMOS mole ratio = 3:l) compared to 
Route 1 (H20:"M0S = 21). This resulted in a greater degree of condensation with the Route 2 Poly-. Second, the 
Route 2 solutions were renwed for an additional hour after the base catalyst was added, while the Route 1 solutions were 
not reflwred after the addition of the base. This resulted in a greater condensation rate with the Route 2 Polycaams. Third, 
the Route 2 solutions were pin-hole dried (i.e., dried in a covered polypropylene c o d e r  with pin holes to &ow 
evaporation), while the Route 1 solutions were open-top dried (i.e., dried in an uncovered polypropylene container). This 
resulted in a lower evaporation rite for mute 2 solutions, allowing more time for condenstion to occur than with the ~ o u t e  
1 solutiom. 

These dif€erences in the processingbetween Routes 1 and 2 lead to dramatic changes in the drying behavior of the 
Polyceram solutions (see Figure 2). A syneresis drying behavior, where the gel network contracts and expels the liquid from 
the p o d ,  was obser~ed with the Route 2 ~olycerams. The 'syneresis behavior is attriiuted to condensation reactions 
forming new bonds and causing shrinkage of the gel, thus forcing the removal of solvent The high degree of c r m g  
resulted in a high gel strength; themfore, at some point during drying, the gel gained enough strength that it did not shrink 
any M e r .  Hence further solvent removal resulted in the formation of external voids or porosity within the solid sample. 
The drying behavior for the Route 1 Polycerams was q&e Merent (Figure 2). Large solvent removal preceded much of the 
condensation reactions, because the sample did not gel until most of the solvent was removed. Sample shrinkage was 
governed by the evaporatiow hence these samples were essentially non-porous. 

The use of acid/base two-step pnx;esses allowed confml of the hydrolysis'condensation reactions (Figure 3a), 
because the reaction kinetics were greatly dependent on the pH of the solution. The general &ect of pH on the gel time for 
aqueous silicates is summarked in Figure 3b16; similar pH behavior has been observed with the hydrolysis/condensation 
reactioDs of silicon alkoxidd. Under acidic conditions @H=1-3), both the hydrolysis and condensation reactions are 
catalyzed, but the hydrolysis rate greatly exceeds the condensation rate. This results in weakly branched structures and 
relatively long gel times. Under less acidic conditions @H=3-8), the condensation rate inatass  and the hydrolysis rate 
decreases, resulting in shorter gel times. The degree of hydrolysis and condensation can then be controlled by hydrolyzing 
under acidic conditions and then accelerating condensation reacfions by adding a base. The amount of condensation which 
took place in the two-step aci- pmcesses employed here (Routes 1 & 2) was governed by the degree of hydrolysis in the 
first step. For example, under partial hydrolysis conditions, all the alkoxide groups were not hydrolyzed after the first step. 
Upon addition of the base, the condensation rate is enhanced. However, the water-producing condensation rate is greater 
than the alcohol producing condensation rat& (see Figure 3a). Hence the degree of condensation is largely limited to the 
number of hydrolyzed species. 

l tOUt&?l Rmte2 

N- m- 
Figure 2: Differences in drying behavior of the Sio2:PDMS Polyceram solutions processed using Routes 1 and 2. 
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Figure 3: (a) Schematic of hydrolysis and condensation reactions and (b) gel time as a function of pH for aqueous silicates. 
After ne+. 

Solid-state %i NMRis aweifid technique for examining the structure of silicates 17-21. A Variety of silicate strucbres can 
be formed in the sol-gel process axxi they can be aescribedby three major silkate species: (1) Q species which qmsents a 

which represents atwo oxygen, two aUryl group tebabedroa SupersCrpts aftex the Q T, orD mmedaWe &note tbe number of 
alkoxide gmups whichhave reactedtoform S i o S i  linkages Therefore, Qo, 'l?, andDo representunreadedpreamoq while @, 
?", and represent completely reacted Species. In this sbudy, Q Species sign@ Si43 species fiomTEOS, andD species sim Si- 
0 SpecieSfmmPDMS. There are no T species in the present Polycexams. 8 &MAS techniqIUeswere d t o  obtain enhmrpll 
signaIs and mhxtion with SoliCEstate NMR spectm This technique was applied to determine the degree of silica and 
PDMS cxodmkm * g within the Route 1 and Route 2 Polycem. The CP-MAS =Si NMR spectra for all  of the SiqPDMS 
Polycerams used in this study are shown in Figure 4. Comparison of the NMR specha for SiQ@DMS Polycerams (40 
volume % PDMS) synthesizedby Routes 1 and2 shows that the silica species are more crosslinkedinthe Route 2 
Polyceram; the Route 2 Polyceram has less Q' and @ species compared to the corresponding Route 1 Polyceram. This 
confirms the high degree of condensation of the Route 2 Polycerams with respect to the Route 1 Polycerams and supports 
our hypothesis of porosity control. 

cluartenary oxygentetrabedron, - (2) T Species which represents a three oxygen, one alkyl gmup tecrabedron, -andODspecies 

The interpretation of the CroSsLinking of the PDMS (D species) is more complex. D2 and D' peak assignments have 
been previously reported with values of -19 to -23 and -12 ppm, 22* 23- The PDMS oligomer contains 
approximately seven Si atoms. That means that five ofthe Si atoms have a D-D~-D character, while the two Si atoms at the 
ends of the PDMS can have dif€erent types of bonding. In our system it is not possi'ble to obtain the Do peak at -4.8 pp&* 
23 because that could only occur if the monomer of PDMS was present in the system only D' and D2 peaks are possiile. 
The amount of D' (-12 ppm) present was very small (<5%) in both 40% PDMS Polycerams (Figure 4), suggesting that most 
of the PDMS have condensed. A sharp D2 peak at -23.5 ppm was observed with both samples, which represents both the Si 
atom within the PDMS oligomer and the Si atoms connected to the silanol groups at the ends of the oligomer which have 
condensed to another PDMS (D-D2-D). 

. Both samples also had an additional broad D2 peak (referred to as D2*) with chemical shifts between -18 to -21 
ppm (Figure 4). The broad peak stems from the use of the CP technique, which enhances the intensity of Si atoms located 
near H atoms (<lo AP4. The broad peak corresponds to D2' units in more constrained environments. In other words, it 
represents D2 species bonded to various Q species or D species trapped a r o d  a Q skeleton. This has been argued from the 
much longer CP relaxation time for the sharp D2 peak (6.0 msx) compared to that of the broad D2' peak (0.8 msecp3. In 
other silicate materials, 8 relaxation times have been obsemed to decrease when the species are locally constrained. Broad 
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1 D'* peaks have also been identified with CI-MAS =Si NMR spectra of other PDMWIEOS systems as well as in 
(dimethyldiethoxysilane) DEDMS / TEOS and DEDMS / (titanium tetraisopropoxide) TIP naummposite$!3~ 25. I 

i Route 2 Sii2:PDMS Polyceiam Route I Sii2:PDMS P0lYcer;lms 

D2 

20% s, m s  

40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 
wm 

n 
/ I  / \  i 60% PDMS 

n 40% PDMS 

20% PDMS 

1 . 1 . 1 . 1 . 1 ' 1 * 1 . 1 ~ 1 . 1  
40 20 0 -20 -40 60 -80 -100 -120 -140 -160 

ppm 

Figure 4: CP-MAS NMR spectra for Sia:PDMS Polycerams with varying PDMS contents synthesized by (a) Route 1 
and (b) Route 2. 

The Route 2 Polyceram had a narrower Cocondensation peak (D2*) than the Route 1 Polyceram. The Route 1 
Polyceram is more likely to have various D2 species condensing with various Q species (D2-Q1, D2-Q2, D2-Q3, D2-Q3, while 
the D2 species in the Route 2 Polycerams is more limited to cocondensation with d and Q4 species (D2-Q3, D2-Q4) because 
there are few Q' and Q2 species. Overall, the D2* peak signifies that a large degree of mandensation is occurring between 
the D and Q species, suggesting that organic and inorganic species are mixing close to the molecular level. The differenas 
between the two Polycerams (Routes 1 and 2) is in the degree of crosslinking and the porosity. 

3.2 Control of Porosity as a Function of Composition 
Not only was the porosity controlled by variations in the synthetic route, but also by the PDMS content Table 2 

the properIies of SiW2DMS Polycerams synthesized by Routes 1 and 2 having various polymer contents. 
Figure Sa is a plot of the surface area of Sio2:PDMS Polycerams synthesized by Routes 1 and 2 as a function of polymer 
content. The SUrEace area of the 0 volume % PDMS sample synthesized by Route 2 was high at 573 m2/gm. As the polymer 
content increased, the d c e  area and the porosity decreased, and reached zero at 60 volume % PDW (Figure 5a). The 
pore size stayed essentially constant at about 40 A In contrast, the Route 1 Polycerams were all non-porous regardless of 
the polymer content 

The term 'non-porous' used in the present study represents a solid which is impermeable to N2 molecules at 77K. 
That does not mean that these Polycerams are completely non-porous. First, the Polycerams may contain internal porosity 
which adsorption techniques cannot measure. Second, N2 adsorption techniques cannot measure micropores (7 to 15 A) and 
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submicropom (< 7 A), because these micropores are often not accessr'ble to small molecules, such as Nz, at low 
temperature& 14. Regardless of the faults of the quantitative nature of the Nz adsorption the results 
demostrate that porosity can be varied dmnatically with change in polymer content and processing route. 

Physial Properties Pore v3Im- 
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(00- 
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1.3- 

1.2- 

1.1 - 
1.0- 

0 3  - 1 

(a) @I 
Figure 5: (a) Surface area and (b) density of Sio2:PDMS Polycerams synthesized by Routes 1 and 2 as function of the 

PDMS content. 

The ef€ect of polymer content on porosity and drying behavior with the Route 2 Polycerams can be associated with 
two phenomena: (1) the polymer Wls-in" the pores as the polymer content increases, thereby reducing the porosiw, and (2) 
the silica condensation decreases as the polymer content increases due to cocondensation and steric hindrance. These 
phenomena are examined in the following discusSion. 

42 

i 

L 



A more detailed look at the drying behavior of the Polycerams provides insights into possiile structural changes as 
a function ofpolymer content Two basic types of drying behavior were observed; syneresis and non- (Figure 2). 
For syneresis drying to occur, one would expect the continuous matrix to be largely Si& and not PDMS. In the range of 0- 
60% PDMS, syneresis dryingbehavior was observed with the Route 2 Polycerams but not with the Route 1 Polyamms. The 
Route 2 Polyceram at 60% PDMS was, howevery also non-porous. If the reduction in porosity was caused solely by a 
decrease in the condensation, one would expect non-syneresis drying behavior with this sample. Instead, identical syneresis 
behavior @e., same radial shrinkage (Ark)) was observed with these Polycerams. The polypropylene beaker in which the 
Polymram solutions were dried had a diameter of 2.2 cm, while the final monolith in the polymer content m g e  of 040 % 
PDMS had a diameter of 1.0 cm. The height of these samples varied slightly, correspondhg to measured densities of these 
samples. Becausethese samples shrankthe same amount in the radial direction, this suggests that in the range of W A  
PDMS the degree of silica c o d o n  did not decmse dramatically and that the PDMS served ef€ectively to “Eill-in“ the 
pores of the host matrix 

The “fill-in” idea would suggest that the inorganic framework is forming independently of the PDMS. However 
evaluation of the CP-MAS =Si data in Figure 4 gives strong evidence that there is a large amount of PDMS co- 
condensation and PDMS in Q environments due to the presence of the D2’ peak The CoGOndensation ofthe PDMS could 
OCCUT at the silica pore surface which would coincide with the %ll-in” model. The calculated pore volume required to “fill- 
up” all the silica pore surface in the oo/o PDMS Route 2 Polyceram (surface area=573 m*/gm), assuming the PDMS co- 
condenses to the silica pore surface at a cross-sectional area of 16 Ir”, is approximately 5060 volume % PDMS. This back- 
of-the-envelope calculation corresponds well to observed surface area measurements in which the Polycemm becomes non- 
porous at 60% PDMS (Figure 5a), suggesting that it is possible for a l l  the PDMS to cocondense at the silica pore surface. 
On the other hand, the cocondensation of PDMS could also result in the PDMS becoming a part of the continuous silica 
matrix, which would contribute to the decrease in the Q condensation due to steric hindrance of the PDMS. However for 
syneresis drying behavior to occur, it is likely that the continuous matrix is mostly inorganic with some cocondensation 
occurring within the inorganic kamework, while most of the cocondensation occurs at the pore surface. 

Further evidence supporting that PDMS is Yilling-up” the pores as well as incorporating in the continuous silica 
matrix is suggested by the NMR Data Figure 4b). At low PDMS contents (20% PDMS), the sharp Dz peak is not observed, 
suggesting that almost all the PDMS oligomers are constrained in a silica environment (Le., all the PDMS is in the 
continuous silica matrix andor cocondensed at the pore surf8ce). As the polymer content the sharp Dz peak 
becomes more pronounced. Hence more PDMS is occupying PDMS-rich regions or voids of the structure instead of 
ocmpying parts of the continuous silica matrix. At very high Polymer contents (80% PDMS), Q condensation appears to be 
significantly reduced. This is especially seen with the CI?-MAS =Si NMR data with a significant increase in the Q’ and Qz 
species relative to the @ and Q4 species of the Route 2 Polycerams from 60% PDMS to 80% PDMS (Figure 4b). Since the 
PDMS has occupied all the pores at 60% PDMS, fiuther increase in the PDMS content disrupts more of the Continuous 
silica matrix. Less syneresis drying (reflected by less shrinkage across the diameter and greater shrinkage across the height) 
of the 80% PDMS Polyceram (Route 2) compared to its 60% PDMS counterpart also supports tbis. 

The location of the PDMS in the final structure is likely governed by competition of thermodynamic and metic 
driving forces. The driving force for the PDMS to go to the pores of the silica matrix may stem from large diEerences in the 
solubility parameters of PDMS (s8.16 (cal/cm?ln) and the silica surface (8 =13.39 (~a I / cm~) ’~ ) .  The solubility parameters 
were calculated by summing up the group contriiutions of the cohesive energies and molar volume$6- The silica surface 
was represented by a partially reacted TEOS, where Si is bonded to one ethoxide group and one hydroxyl group. On the 
other hand, the PDMS is kinetically driven to be located in the continuous silica matrix due to the cocondensation reactions 
between the silica and PDMS. 

If PDMS ‘‘fills-up” the pores of the matrix, then the size of the phase separation between the PDMS and silica 
matrix should be equivalent to the pore size. The pore size was small, 4 0  & therefore, the size of the phase separation 
should be 4 0  k For size comparison, the pore size is about the stretched length of only 3 4  PDMS oligomers. 

The &ect of PDMS content on the structure of the Route 1 Polycerams was merent. Since the overall degree of 
condensation was low, the syneresis drying behavior did not occur and the materials were non-porous for all polymer 
contents. The PDMS cannot be drawn to the pores as in the Route 2 Polycerams. Therefore, it is believed that the PDMS 
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addition to the Poly- causes a mort steric hindrance &ect on the Q c o m m  InFigure 4% the Q' and @Species 
increasenoti~lywitELirmeaseinPDMscantenfrefl~gthe~intbeQcondtosation 

-* Q' 
20% PDMS -673 

Routel ((01) 

The densities of the Polycerams as a function of PDMS content and procesSing route shown in Figure 5b correlate 
well with the porosity measurements. The density of the Polycerams (p3 canbe described as: 

where ps;ozis the skeletal density ofthe silica matrix, -is the density of the PDMS pow, h i s  the density dthe 
pore, Vs;ozisthevolume~onsili~V~))r~9isthevolumefr-actionpDMs,andV~istheponvolume,Tbedensityofthe 

reported as 2.05 @an3, although reported values for the skeletal density tend to vary depending on procesSing conditions 
(ranging from 1.88 to 2.19 @any. Since all the Route 1 P0lycemm.s werc non-pomus, the density decreased with 
in- in PDMS content because the density of PDMS is much less than the silica skeletal density. TkRoutc 2 
Polycerams were porous at PDMS contents less than 60%, and increases in the PDMS content up to 60% resulted in an 
increase in density, likely reflecting a Wling-up" of the voids in the sb;ucture. At highex PDMS contents (%O??), tbt 
Polycerams are n0n-pom.q and the density decreases with increasing PDMS content (iust as with the Route 1 Polyamns). 

Pt =vsm Psi02 +VPDMs P P W  +vpre P- 

polymer is 0.991 @an3 and tbe density ofthe air is 0.001 gm/cm3. The tbeoreacal slletal density of silica,lgs been 

Q' d Q' Q' Q'.@@Q4 . . .  
-93.9 -98 -103.0 -111.7 1.0:1.&6.3:6.1 
(-07) (.07) (-44) (-43) 

3.3 Structural Model and Phobstability Case Study 
The BET and NMR data on the SiWPDMS Polycerams were used to produce 2D stxuchd models to illustrate 

the concepts generated in the present study. These stmctud models are utilized as a case study for the spec& application 
of laser dyes incorpomted within P0lycera.m hosts. In previous studies perfomxd in our laboratory, we doped a 
Pymmethene laser dye withh SiWPDMS Polycerams to examine how the porosity and coIllposifion a f k t  tbe 

L 
W h P D M S  -67- -90.5 -97.6 -104.2 -111.6 1.02.6:5.3:5.4 

R d l  (c.01) (.07) (.18) (.37) (38) 

Route2 (.W (.04) (.03) (.42) (.SI) 

Route2 (.OO) (.03) (.04) (-45) (.48) 

20.hPDMS - -92 -98 -103.2 -111.6 1.0:0.8:10.5:12.8 
~ 

WhPDMS - -92.9 -97.8 -103.9 -111.5 1:1.3:15.0:16-0 

photostability of the laser dyed1= 12* 27. The results indicated that photostability impmVea with decreasn - - g p o ~ t y d l  
increasing silica content. These photostability results on the Routes 1 and 2 Polyamms are correlated with the structural 
model. , 

The CP-MAS %Si Nh4R data in Figure 4 could not be used quantitatively to descrii the ratio of the Q species. 
Because the cz(rss polarization technique was used, there is an enhanced signal fiom silicate species located near hydrogen 
atoms. This allowed for investigation of the PDMS located in a constrained environment, but ehhatcd the possl'bility of 
evaluating the Q species quantitatively. Low Q species, such as Qo, Q', and @, had an enhanced response with respect to 
higher Q species (@,Q'>, because the low Q. species are more likely to have hydrogen atoms located near them. For this 
reason, the MAS =Si NMR measurements for some ofthe ~olycerams were repeated without CP.  he detemincd chemical 
shifts and the hction of D or Q species are illustrated in Table 3. 

Table 3: Chemical shifts ppm for SiWPDMS Polycerams measured by MAS %Si NMR (No CP). Values in parentheses 
represent the fraction of Q" species with respect to total amount of Q species present in the sample. , 

In the proposed model, TEOS is represented by a n+n where the four ends correspond to the four functionality of 
TEOS, and the PDMS is represented by a thick curly line. The sizes of the species present in the Polycerams have been 
taken into account (1.2 A for an 02 moleCule,l.6 A for a Si-0-Si bond, 8-10 A x 4 A for a PDMS oligomer, and 13 A x 6.4 
A for the PM-567 dye molecule). The dye concentration within a Polyceram is 5*10-5 M corresponding to 6*10" and 
an average dye-dye distance of about 120 The oxygen concentration within PDMS will be used for the lack of a better 

oxygen molecules were randomly distributed in the structure, although there is a tendency for the 02 molecules to be located ' 
value for the Polycerams, corresponding to 4.7*10'* cm-3 28- This results in an %:dye ratio of appmximately 8:l. The I 
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at the pore surfaCe29~ 30. From the BET data, the average pore size and pore fraction were utilized (Table 2). For example, 
the 40% PDMS Polyceram synthesized by Route 2 has an average pore size of 42 A and a open pore h&on of 0.38. It is 
assumed that the PoEyceram also has microporosity and some closed porosity. Also, &III the MAS =Si NMR data, the ratio 
of Q1:Q?@:Q4 (Table 3) gives guidelines for connecting the "+" species to each other- The degree of PDMS condensation 
is high, based on the presence of the coandensation Dz* N M R  peak in Figure 4. For the: 40% PDMS Polycerams the 
Si%:PDMS ratio is 26:l and for the 20% PDMS Polycerams the ratio is 76:l. Taking all these factors into accouut for each 
of the compositions described in Table 3, proposed structures for the Sio2rpDMs Polycerams are shown in Figure 6. 

The structural model illustrates a number of concepts discussed earlier in this paper. First, the Route 1 Polycerams 
are less 0o;ldensea as seen by the greater number of Q1 and @ species (Figure 6a and 6c) compared to the Route 2 
Polyceram (Figure 6b and a). Second, the Route 1 Polycerams do not have any external porosity, but do contain some 
microporosity and closed pores. Third, the porous nature of the material and the rectucton in porosity with increase in 
polymer content of the Route 2 Polycerams are seen in the structural models. Finally, the structural models also illustrates 
how it is possiile to have polymer COGondensed in the continuous silica matxix as well as have the remaining polymer 
'filling-up" the small pores in the matrix. The ratios of the Q species define a set of boundary conditions on the stmchml 
model and imposes collsfrainfs on the structm of the silica matrix 

The structural model also helps illustrate why the photostability of the dye doped Polycerams is improved in non- 
porous and high silica Polycemms. It was determined in previous investigations that the Pyrromethene dye molecules 
degrades upon exposure to light by oxidation proce~ses'~7 27. Therefore the ability of oxygen to arrive at the dye molecules 
should determine whether the dye will react with oxygen. The model illwtrates the large presence of oxygen in the 
Polyceram with respect to the dye and its easy access to the dye molecules located in the pores of the porous Polycerams 
(Figures 6b and 6d). The size of oxygen with respect to the pores is very small, and the diffusion of oxygen through the 
pores is likely very high The structures for the 20% and 40% PDMS Polycerams synthesized by Route 1 (Figures 6a and 
6c) portray a more difticut access of oxygen to the dye because of the non-porous nature of the material. In addition, the 
structure shows that the pores have varying degrees of accessibility for oxygen. The more porous the host material, the 
easier it is for oxygen to interact with the dye and undergo photochemical reaction to cause photodegradation. Photostability 
also improved with increasing Si& content The greater the Si02 contenf the greater the chance of the dye to be caged due 
to the greater functionality of the Si% (4 functional) compared to PDMS (2 functional). The improved photostability of the 
higher Si% Polycerams also stems h m  the lower diffusivity of 0 2  through dense Si02 versus PDMS12* 28* 313 32- There is 
likely a distriition of dye molecules located within the pores and cages of the matrix, each dye molecule having a merent 
probability of reacting with an oxygen molecule in a given time12* 27. 

CONCLUSIONS 

Using two step acid/base sol-gel processes, a variety of optically transparent sol-gel monoliths have been 
synthesized. The control of the relative rates of condensation and evaporation as well as the polymer content made it 
possible to control the amount of porosity within the Si%:PDMS Polycerams ranging h m  materials with very high surface 
areas to materials which are essentially non-porous. These materials represent a new class of engineered porous materials. 
A structural model based on porosity measurements and =Si NMR data, correlates proposed s t ~ ~ ~ t u r e s  to the physical 
properties and photostability characteristics of these materials. 
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ROUTE 120% PDMS 
1 2 0  A 

D y e 0  02. PDMS-SK).SI + 

(a) 

ROUTE 140% PDMS 
120A 

ROUTE 2 20% PDMS 
120A 

W e 0  02. PDMS-SC~SI+ 

0 

ROUTE 2 40% PDMS 

Figure 6: Proposed structures of Si4:PDMS Polycerams (a) at 20 vol % PDMS (Route l), @) at 20 vol % PDMS 
(Route 2), (c) at 40 vol % PDMS (Route l), and (d) at 40 vol % PDMS (Route 2)- 
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